A sample with 80 w/o Mg-14 w/o Ni-6 w/o TaF 5 composition (named Mg-14Ni-6TaF 5 ) was prepared by reactioninvolved milling. The hydrogen absorption and release characteristics of the sample were then investigated. Activation of the sample was finished after two absorption (at 1.2 MPa hydrogen)-desorption (in vacuum) cycles. The activated Mg-14Ni-6TaF 5 had a useful hydrogen absorption-desorption capacity approaching 6 w/o at 573 K at 1.2 MPa hydrogen. At 573 K, the activated sample stored 4.98 w/o hydrogen during 5 min, 5.42 w/o hydrogen during 10 min, and 5.74 w/o hydrogen during 60 min at 1.2 MPa hydrogen, and desorbed 0.15 w/o hydrogen during 5 min, 0.37 w/o hydrogen during 10 min, 1.18 w/o hydrogen during 30 min, and 2.22 w/o hydrogen during 60 min at 0.1 MPa hydrogen. The activated sample absorbed hydrogen at a comparatively low temperature of 423 K (3.59 w/o hydrogen in the fifth cycle during 60 min at 1.2 MPa hydrogen).
INTRODUCTION *
There are some hydrogen storage methods such as pressure storage, cryogenic storage, carbon nanotube storage, and metal hydride storage. The metal hydride storage possesses some advantages over other hydrogen storage methods from the viewpoints of per unit volume absorption-release capacity, safety, utilization cost, and usability [1, 2] .
Magnesium is one of the lightest metals [3 -7] and possesses many merits as a hydrogen absorbing material considering the aspect of hydrogen absorption-desorption capacity, price, and reserves in the earth [8] . However, it has very low hydrogen storage and release rates.
Substantial research to increase the hydrogen absorption and release rates of magnesium has been conducted by alloying magnesium with other metals [9 -27] .
Reilly et al. [9] and Friedlmeier et al. [10] raised hydrogen absorption and release rates of magnesium by adding nickel. Song et al. [28] ground mechanically Mg with Ni in Ar, Bobet et al. [29] prepared cobalt, nickel, or iron-containing mixtures by milling mechanically under hydrogen (reaction-involved milling).
de Castro et al. [30] increased hydrogen absorption and release rates of Mg by milling mechanically nanostructured MgH 2 , with incorporating small quantities of FeF 3 .
Kim et al. [31] prepared a sample of MgH 2 containing 1 mol% NbF 5 by high-energy ball grinding. They reported that after 10 absorption-desorption cycles, noncrystalline Nb-F phase was changed into crystalline Nb hydrides, which probably played a decisive role in increasing the absorption and release rates of MgH 2 .
Malka et al. [32] studied the effects of different halide additives milled with magnesium hydride (MgH 2 ) on its desorption temperature. They reported that, from the halides investigated, the best catalysts for magnesium hydride desorption were ZrF 4 , TaF 5 , NbF 5 , VCl 3 , and TiCl 3 . Malka et al. [33] milled MgH 2 with 7 w/o of various metal halide additives (ZrF 4 , TaF 5 , NbF 5 , and TiCl 3 ).They reported that the catalytic effect of metal halides on the Mg hydrogen absorption/desorption process resulted from making pure transition metal and/or the MgF 2 phase.
Magnesium fabricated by mechanical milling in hydrogen (reaction-involved milling) with transition elements or oxides exhibited comparatively high absorption and desorption rates when the content of addition agents was 20 w/o around.
In the present study, Ni and TaF 5 were chosen as addition agents to raise the absorption and release rates of Mg. A sample with an 80 w/o Mg-14 w/o Ni-6 w/o TaF 5 composition, which contained 20 w/o addition agents, was prepared by reaction-involved milling. The hydrogen storage and release characteristics of the sample were then investigated. The sample was named Mg-14Ni-6TaF 5 .
EXPERIMENTAL DETAILS
The materials used for sample preparation were pure Mg powder (particle size 74 μm -149 μm, purity 99.6 %, Alfa Aesar), Ni (Nickel powder APS, 2.2 μm -3.0 μm, purity 99.9 % metal basis, C typically < 0.1 %, Alfa Aesar), and TaF 5 (Tantalum (V) fluoride, purity 98 %, Aldrich).
Reaction-involved milling was conducted in a planetary ball mill (Planetary Mono Mill; Pulverisette 6, Fritsch). The total weight of a mixture having the desired composition was 8 g. 105 hardened steel balls (total weight = 360 g, 45 times of the sample weight) were used. All sample treatment was done in an Ar-filled glove box. The mill container with a volume of 250 ml was filled with high purity hydrogen gas of about 1.2 MPa. The disc revolution speed was 250 rpm. The reaction-involved milling time was 6 h; the time was composed of alternating cycles of 20 min that had milling for 15 min and a rest period of 5 min. Hydrogen was refilled every two hours.
The variation of the stored or released hydrogen amount with time was measured under nearly constant hydrogen pressure, employing a Sievert's type hydrogen absorption and desorption apparatus, which was previously described [34] . The quantity of the sample used for these measurements was 0.5 g.
X-ray diffraction (XRD) diagrams of the samples after reaction-involved milling and after absorption-desorption cycling were acquired with a Rigaku D/MAX 2500 powder diffractometer utilizing Cu Kα radiation. The diffraction angle range was between 10° and 80° and the scan speed was 4° min . XRD diagrams were analyzed using program MDI JADE 5.0. The scanning electron microscope (SEM) micrographs of the samples were obtained using JSM-6400 SEM operated at 20 kV. The elements contained in the sample particles after reaction-involved milling and after absorption-desorption cycling were analyzed through line scanning with an energy dispersive X-ray spectrometer (EDS, EDAX).
RESULTS AND DISCUSSION
The hydriding reaction of magnesium can be classified by the following steps: transfer of hydrogen molecules to the surface of particles, chemisorption of H 2 molecules on the surface of particles, transition of hydrogen atoms from the chemisorbed state to the absorbed state, and nucleation of magnesium hydride and growth. If a continuous layer of magnesium hydride is formed, diffusion of hydrogen atoms through a growing hydride layer occurs, and then phase transformation from α Mg-H solid solution to magnesium hydride at the magnesium hydride-α Mg-H solid solution interface takes place.
The dehydriding reaction of magnesium hydride can be classified in the reverse sequence of the hydriding reaction of magnesium: nucleation of α Mg-H solid solution, transition of hydrogen atoms from the absorbed state to the chemisorbed state, and transfer of hydrogen molecules from the surface of α Mg-H solid solution. If nuclei grow and a continuous layer of α Mg-H solid solution layer is formed, take place phase transformation from magnesium hydride to α Mg-H solid solution at the magnesium hydride-α Mg-H solid solution interface, diffusion of hydrogen atoms through a growing α Mg-H solid solution layer, transition of hydrogen atoms from the absorbed state to the chemisorbed state, and transfer of hydrogen molecules from the surface of α Mg-H solid solution.
The hydriding and dehydriding reactions of Mg 2 Ni can also be classified in the similar way.
Stored hydrogen percentage, H a , is defined by adopting the weight of sample as a criterion. The H a versus time t curves showed that the absorption rate of Mg-14Ni-6TaF 5 was high until about 10 min, and very low after 30 min. Until about 10 min, Mg 2 Ni, with a higher absorption rate than magnesium, and magnesium particles with small sizes are deemed to have been hydrided and hydrogen is deemed to have been absorbed in the outer part of comparatively large magnesium particles. After about 30 min, it is posited that the hydrogen absorption reaction took place in the interior of comparatively large magnesium particles. Fig. 1 shows the change in H a for 30 min (referred to as H a (30 min)) of Mg-14Ni-6TaF 5 according to cycle number, n, at 553 K, 573 K and 593 K at 1.2 MPa hydrogen. After absorption reaction measurements, hydrogen was released from the samples at each temperature at 0.1 MPa hydrogen and subsequently in a vacuum. At 553 K H a (30 min) reaches its maximum value at n = 3, and at 573 K, the maximum value is reached at n = 2. At 593 K, H a (30 min) reaches its maximum value at n = 4, which is very similar to those at n = 3 and n = 2. These results show that activations of the samples were completed after two cycles of absorption (at 1.2 MPa hydrogen)-desorption (in vacuum). The activation is a process, which enables the sample to have the highest hydriding and dehydriding rates and is performed by repeating the absorption-desorption cycle. The particles of the activated sample have very reactive clean surfaces, are very small, and have many defects. The change in H a versus t curve according to temperature (423 K, 523 K, 553 K, 573 K, 593 K, and 623 K) at 1.2 MPa hydrogen for the activated Mg-14Ni-6TaF 5 is shown in Fig. 2 . At a relatively low temperature of 423 K, the activated sample has a fairly high absorption rate, absorbing 3.05 w/o hydrogen during 5 min, 3.22 w/o hydrogen during 10 min, 3.46 w/o hydrogen during 30 min, and 3.59 w/o hydrogen during 60 min at 1.2 MPa hydrogen. At the beginning of the absorption reaction, the absorption rate is extremely high, and then gets lower after about 10 min. The initial absorption rate increases as the temperature is raised from 423 K to 573 K, and then decreases with a further increase of temperature from 573 K to 623 K. The increase in temperature has two effects; acceleration of thermally activated process (such as diffusion of hydrogen atoms through growing hydride layer) and decrease in the driving force for the hydriding reaction, which is related to the difference between the applied hydrogen pressure (1.2 MPa hydrogen) and the equilibrium plateau pressure at a reaction temperature. When the temperature increases from 423 K to 573 K, the effect of the acceleration of the thermally activated process is believed to predominate, leading to the increase in the hydriding rate. When the temperature increases from 573 K to 623 K, the effect of the decrease in the driving force for hydriding reaction is believed to predominate, leading to the decrease in the hydriding rate with temperature. The H a value during 60 min increases as the temperature increases from 423 K to 593 K, and decreases from 593 K to 623 K. The Mg 2 Ni phase is produced in the Mg-14Ni-6TaF 5 sample after absorptiondesorption cycling. In the early stage of the H a versus t curves, Mg 2 Ni, with a higher absorption rate than magnesium, and magnesium particles with small sizes are deemed to be hydrided and hydrogen is deemed to be absorbed in the outer part of comparatively large magnesium particles. In the later stage of H a versus t curves, it is posited that the hydrogen absorption reaction takes place in the interior of comparatively large magnesium particles. The released hydrogen percentage, H d , is also expressed by adopting the sample weight as a criterion. Fig. 3 exhibits the H a versus t curves at 1.2 MPa hydrogen and the H d versus t curves at 0.1 MPa hydrogen at 573 K and 593 K for the activated Mg-14Ni-6TaF 5 (at n = 2). The H a versus t curves show that the initial absorption rates are very high (1.71 wt% hydrogen/min at 573 K) and this sample has a fairly large hydrogen absorption-desorption capacity, absorbing 5.74 w/o hydrogen at 573 K during 60 min. The H d versus t curve at 573 K shows that the H d varies almost linearly with time. The initial release rate at 593 K is quite high (0.31 wt% hydrogen/min), decreases gradually, and is very low after 30 min. The much higher absorption rate than the release rate at 573 K is due to the much higher driving force for absorption (1. The XRD diagram of Mg-14Ni-6TaF 5 after reactioninvolved milling is shown in Fig. 4 The SEM micrographs of Mg-14Ni-6TaF 5 after reaction-involved milling and after absorption-desorption cycling at 593 K (n = 4) were obtained. The particle sizes of the Mg-14Ni-6TaF 5 after reaction-involved milling were not homogeneous. The particle sizes of the Mg-14Ni-6TaF 5 after absorption-desorption cycling at 593 K (n = 4) were not homogeneous, either. The particles were smaller than those of Mg-14Ni-6TaF 5 after reaction-involved milling. The expansion of the particles due to hydrogen absorption and the contraction of the particles due to hydrogen release is believed to lead to the decrease in the particle size.
The sample after absorption-desorption cycling at 593 K (n = 4) had smaller particle size than that after reaction-involved milling. The XRD diagram of Mg-14Ni-6TaF 5 after reaction-involved milling exhibits a little stronger background and broader peaks than those of the XRD diagram of Mg-14Ni-6TaF 5 after absorptiondesorption cycling at 593 K (n = 4). The strong background and broad peak result from fine particle size and/or amorphousness of particles. These two results indicate that the MgH 2 -6Ni-6TaF 5 after reaction-involved milling is slightly amorphous.
The back-scattered electrons (BSE) image and line scanning result by EDS for Mg-14Ni-6TaF 5 after reactioninvolved milling were obtained. The composition along a scanned line for the sample after reaction-involved milling was O: 37. The sample dehydrided at the 4 th hydridingdehydriding cycle contained Mg, Mg 2 Ni, β-MgH 2 , and small amounts of MgO, MgF 2 , and Ta 2 H. Mg 2 Ni was formed by the reaction of Mg and Ni during hydridingdehydriding cycling. γ-MgH 2 was decomposed, and MgO was formed by the reaction of Mg with the oxygen that was probably contained in the hydrogen as an impurity, during hydriding-dehydriding cycling. From the results of Fig. 4 and Fig. 5 (
The Mg 2 Ni phase produced in the Mg-14Ni-6TaF 5 sample after absorption-desorption cycling. Dimagnesium nickel has higher absorption and desorption rates than magnesium. The incorporation of Ni raises not only the absorption rate of magnesium, but also the desorption rate of MgH 2 by forming Mg 2 Ni from the reaction of Ni with Mg during absorption-desorption cycling. The reactioninvolved milling of Mg with TaF 5 raises the storage and release rates, and the incorporation of TaF 5 is thought to make defects outside and inside magnesium particles, leading to the facilitation of nucleation, and to decrease the magnesium particle size, leading to the diminution of the diffusion distances for hydrogen atoms.
During hydriding, magnesium and dimagnesium nickel, Mg 2 Ni, expand, and during dehydridng, they contract. The increase in the absorption and release rates during activation and the variation of the microstructure with cycling, indicate that the absorption-desorption cycling also raises the absorption and release rates of magnesium by promoting nucleation (by making defects outside the Mg particles) and by shortening the diffusion distances of hydrogen atoms (by producing cracks outside the magnesium particles and decreasing the particle size of magnesium).
CONCLUSIONS
A sample with 80 w/o Mg-14 w/o Ni-6 w/o TaF 5 composition was prepared by reaction-involved milling, and its hydrogen storage and release characteristics were then investigated. The activated Mg-14Ni-6TaF 5 had a fairly high absorption rate and a large hydrogen absorption-desorption capacity with an effective hydrogen absorption-desorption capacity of near 6 w/o. The activated Mg-14Ni-6TaF 5 The incorporation of nickel raises not only the absorption rate of magnesium but also the release rate of magnesium hydride, by producing dimagnesium nickel during absorption-desorption cycling. The reactioninvolved milling of Mg with TaF 5 increases the storage and release rates, and the incorporation of TaF 5 is thought to make defects outside and inside the magnesium particles, leading to the facilitation of nucleation, and to decrease the particle size of magnesium, leading to the diminution of the diffusion distances for hydrogen atoms. During the absorption reaction, magnesium and dimagnesium nickel expand, and during the desorption reaction, they contract. The increase in storage and release rates during the activation and the variation of the microstructure with cycling indicate that the absorption-desorption cycling also raises the absorption and desorption rates of Mg by promoting nucleation and making shorter the diffusion distances of hydrogen atoms.
